Background. Research data are limited on indices of osmotic equilibrium and of kidney concentrating activity (KCA). This study investigated correlates and prognostic power of these indices in a sample of the general population. Methods. Urine osmolality (U-osm), plasma osmolality (P-osm), plasma creatinine and other variables were measured by the Gubbio Study for the 1988-92 exam (baseline). Plasma creatinine and other variables were re-measured in the 2001-07 exam (follow-up). KCA was assessed as the U-osm/P-osm ratio and kidney function as estimated glomerular filtration rate (eGFR). Results. Baseline data were complete in 4220 adults, of whom 852 died before follow-up and 2795 participated in the followup. At baseline, the following independent cross-sectional associations were identified: female sex and higher urine flow with lower values of U-osm, P-osm and U-osm/P-osm ratio (P < 0.01); obesity with higher values of U-osm, P-osm and Uosm/P-osm ratio (P < 0.01); older age and lower eGFR with lower U-osm, lower U-osm/P-osm ratio and higher P-osm (P < 0.05); hypertension and smoking with lower U-osm and lower U-osm/P-osm ratio (P < 0.05) but not with P-osm. From baseline to follow-up, the annualized rate was 1.26% for mortality and À0.74 6 0.76 mL/min Â 1.73 m 2 for eGFR change. Mortality was independently predicted by baseline U-osm and baseline U-osm/P-osm ratio (hazard ratio for one higher standard deviation was 0.91, 95% confidence interval was 0.97, P < 0.01), but not by baseline P-osm. The eGFR change was not independently predicted by baseline values of U-osm, P-osm and U-osm/P-osm ratio (P ! 0.4). Conclusions. Sex, age, obesity, eGFR, urine flow, hypertension and smoking independently associated with U-osm and KCA. U-osm and KCA independently predicted mortality, but not kidney function change over time.
I N T R O D U C T I O N
The water-osmole balance depends on several factors, which include intrinsic renal factors, like the urine concentration activity of the distal nephron, and non-renal factors, like the intake or the metabolic generation of water and osmolytes, the non-renal losses of water and osmolytes, and the secretion of antidiuretic hormone [1] . A tenet of medicine is that the urine osmolality (U-osm) and the kidney concentrating activity (KCA) are low in persons with reduced kidney function [2] . Actually, research data on this are limited and inconsistent [3, 4] . An association between low kidney function, assessed as creatinine clearance, and low 24-h U-osm was reported by a meta-analysis of 10 studies including 248 healthy volunteers, 117 women of a randomized controlled trial, 378 hypertensives of a dietary controlled trial, 65 diabetics and 181 patients with chronic kidney disease [3] . A later case-control study reported that kidney function assessed as estimated glomerular filtration rate (eGFR) was not associated with U-osm and KCA in analyses including 10 healthy volunteers and 41 chronic kidney disease patients with eGFR ranging from 142 to 12 mL/min Â 1.73 m 2 [4] . As for other determinants of KCA, previous reports indicated that U-osm is affected by gender (higher in men) [3, [5] [6] [7] [8] , age (higher in youngsters) [3, 7, [9] [10] [11] [12] and time of collection (higher during night-time) [13] . Finally, small clinical studies indicated an association of kidney disease or hypertension with altered circadian rhythms of single urine osmolytes or of overall U-osm [14] [15] [16] [17] [18] [19] [20] [21] [22] . While the prognostic power for mortality and kidney function decline over time has been extensively investigated for kidney function markers like eGFR and albuminuria/proteinuria [23, 24] , data are missing for the prognostic power of KCA and osmotic indices. Therefore, the present study was designed to investigate KCA and osmotic indices in a sample of the general population with the focus on correlates and prognostic power of these variables for mortality and kidney function change over time. 
T E R I A L S A N D M E T H O D S
The Gubbio study is a population-based investigation ongoing since 1982 in the city of Gubbio, Italy [25, 26] . The study adheres to the Declaration of Helsinki and its activities included institutional committee approval and an informed consent. Previous papers have reported study design, response rates and characteristics of the Gubbio cohort [25, 26] . The main exams of the study were performed in 1983-85, 1988-92 and 2001-07. Local sections of national registries provided data about mortality and renal failure from 1983 to 2007. The present article analyses data included from the 1988-92 exam to the 2001-07 exam (from here on referred to as 'baseline' and 'follow-up', respectively). The baseline exam included: a timed urine collection under fed condition from the first void after the evening meal to the first void at morning wake-up; an early morning venous blood sample under fasting conditions; and a brief medical visit with the administration of standardized questionnaires [26] [27] [28] . The follow-up exam included an early morning venous blood sample under fasting conditions and a brief medical visit with the administration of standardized questionnaires, but it did not include the collection of urine samples. The Supplementary data of the article reports the results of ancillary analyses for data collected from the 1983-85 exam to the baseline exam. These ancillary analyses were carried out to assess the consistency of results across different exams with urine/blood samples collected at different times of the day. The 1983-85 exam included the collection of urine/blood samples in the morning or in the afternoon together with a brief medical visit and the administration of standardized questionnaires [25, 26, 29] .
Variables

Samples frozen at À80
C were used for measurements of U-osm, plasma osmolality (P-osm) and plasma creatinine. For osmolality measurements, urine/plasma samples were quickly thawed at 37 C [30] and soon after read by an automated osmometer (2020, Advanced Instruments Inc., Norwood, MA, USA). In agreement with previous data [30] , subgroup data in 149 examinees indicated that the freezing/thawing procedure had minor effects on osmolality measurements (correlation coefficient between frozen/thawed samples and fresh samples ¼ 0.963 for U-osm and 0.873 for P-osm; % difference between frozen/thawed samples and fresh samples ¼ À5.3% for U-osm and À1.9% for P-osm). For creatinine measurements, previous data showed that creatinine is stable during longterm storage and after thawing/refreezing [31] . Plasma creatinine was measured by automated biochemistry (Express Plus, Bayer Diagnostic, Tarrytown, NY, USA) using a kinetic alkaline picrate assay with IDMS-traceable standardization for eGFR calculation [31] . Plasma total cholesterol, plasma uric acid and other lab variables were measured in fresh samples using automated biochemistry and quality controls [25] [26] [27] [28] [29] . Blood pressure and anthropometry were measured at each exam by standardized methods as reported [25] [26] [27] [28] [29] .
U-osm and the U-osm/P-osm ratio were taken as indices of KCA [1-3, 32, 33] . Kidney function was indexed as eGFR [34] , calculated by the equation of the Chronic Kidney Disease Epidemiology Collaboration research group [35, 36] . Hypertension was defined as systolic pressure !140 mmHg or diastolic pressure ! 90 mmHg or anti-hypertensive drug treatment. Hypercholesterolaemia was defined as plasma cholesterol !6.20 mmol/L or regular drug treatment for high plasma cholesterol. Diabetes was defined as reported diagnosis of diabetes or regular anti-diabetic treatment with diet, drugs or insulin. Hyperuricaemia was defined as plasma uric acid !420 mmol/L. Obesity was defined as body mass index !30 kg/m 2 .
Statistics
Analyses on the presence and the independence of crosssectional associations were performed by analysis of variance (ANOVA) and multi-variable linear regression with U-osm, Posm and U-osm/P-osm ratio alternatively used as dependent variable. Analyses about the prognostic power targeted mortality and change in kidney function over time. Single-and multivariable Cox regression were used to investigate the presence and the independence of the association with mortality of baseline values of U-osm, P-osm and U-osm/P-osm ratio alternatively used as independent variables. Kidney function change over time was calculated as annualized eGFR change from baseline exam to follow-up exam, that is, as follow-up eGFR minus baseline eGFR divided by the interval duration between the baseline exam and the follow-up exam. Single-and multivariable linear regression were used to investigate the presence and the independence of associations with annualized eGFR change of baseline values of U-osm, P-osm and U-osm/P-osm ratio alternatively used as independent variables. Multi-variable analyses about the prognostic power were re-run in separate subgroups to investigate the consistency of results and the existence of possible interactions. Statistical procedures were performed by IBM-SPSS Statistics 19. Data include 95% confidence interval (CI).
R E S U L T S
Descriptive statistics
The target cohort consisted of 4679 adult examinees at baseline (aged 18-97 years). The study cohort consisted of 4220 examinees with complete baseline data for variables included in the analysis (90.2% of the target cohort). Of these baseline examinees, 852 died before the end of the follow-up exam (person*years product ¼ 67 290; annual mortality rate ¼ 1.26%). Of the 3368 survivors, 2795 participated in the follow-up exam (response rate ¼ 83.0%) and all of them had complete follow-up data. Table 1 reports the descriptive statistics at both the exams.
At baseline, urinary albumin/creatinine ratio was measured only in the subgroup aged 45-64 years [mean 6 standard deviation (SD) ¼ 14.8 6 65.6 mg/g] [37] . From the baseline exam to the follow-up exam, mean 6 SD was 14.1 6 2.2 years for duration of follow-up, À9.9 6 10.1 mL/min Â 1.73 m 2 for absolute eGFR change and À0.74 6 0.75 mL/min Â 1.73 m 2 for annualized eGFR change. The eGFR change was a decrease in 82.5% of the examinees. Descriptive statistics for ancillary analyses are presented in Supplementary data, Table S1 .
Baseline cross-sectional associations Figures 1-3 summarize the results of the non-adjusted ANOVA of U-osm, P-osm and U-osm/P-osm ratio by strata of age, eGFR and urine flow in men and women separately. Older age associated with lower U-osm, higher P-osm and lower U-osm/ P-osm ratio in both sexes ( Figure 1 ). Lower GFR associated with lower U-osm, higher P-osm and lower U-osm/P-osm ratio in both sexes ( Figure 2 ). Higher urine flow associated with lower U-osm and lower U-osm/P-osm ratio in both sexes and with higher P-osm in women only ( Figure 3 ). The general trend across strata of age, eGFR and urine flow was that, compared with men, women had lower values of U-osm, P-osm and U-osm/P-osm ratio with the exceptions of women aged !65 years (higher P-osm than men of the same age, Figure 1 ), women with eGFR !90 mL/min Â 1.73 m 2 (slightly higher U-osm/P-osm ratio than men of the same eGFR stratum, Figure 2 ) and women with urine flow in the lowest 25% of the distribution (slightly higher U-osm/P-osm ratio than men of the same urine flow stratum, Figure 3 ). Figure 4 summarizes the results for both sexes combined together of the non-adjusted ANOVA of U-osm, P-osm and U-osm/P-osm ratio between hypertensives and nonhypertensives, between examinees with hypercholesterolaemia and examinees without hypercholesterolaemia, between smokers and non-smokers, between diabetics and non-diabetics, between obese examinees and non-obese examinees and between examinees with hyperuricaemia and examinees without hyperuricaemia. Hypertension, hypercholesterolaemia, diabetes, obesity and hyperuricaemia were associated with lower U-osm, higher P-osm and lower U-osm/P-osm ratio. Vice versa, smoking was associated with higher U-osm, lower P-osm and higher U-osm/P-osm ratio. Findings were similar in analyses in men and women separately (data not shown). Table 2 summarizes the results of multi-variable regression analyses. Female sex independently associated with lower values of U-osm, P-osm and U-osm/P-osm ratio. Older age independently associated with lower U-osm, higher P-osm and lower U-osm/P-osm ratio. Obesity independently associated with higher values of U-osm, P-osm and U-osm/P-osm ratio. Lower eGFR independently associated with lower U-osm, higher P-osm and lower U-osm/P-osm ratio. Hypertension and smoking independently associated with lower values of U-osm and U-osm/P-osm ratio, but not with different P-osm. Higher urine flow independently associated with lower values of U-osm, P-osm and U-osm/P-osm ratio. Diabetes, hypercholesterolaemia and hyperuricaemia did not independently associate with any of the three dependent variables. Findings were similar after exclusion of the examinees reporting treatment with anti-hypertensive drugs or with diuretics (data not shown). Multi-variable regression gave similar results in ancillary cross-sectional analyses of data from a previous exam with urine/blood samples collected in different times of the day (Supplementary data, Table S2 ). Table 3 summarizes the results of Cox regression for the analyses on the association with mortality of three different independent variables: baseline U-osm, baseline P-osm and baseline Table 2 . Multi-variable regression models for analyses on cross-sectional associations at baseline of sex, age, eGFR and other independent variables with U-osm, P-osm and U-osm/P-osm ratio (dependent variable)
Prognostic power for mortality
Independent variable
Dependent variable U-osm P-osm U-osm/P-osm ratio beta P beta P beta P Results are shown as partial correlation coefficient (beta), P and R squared (R 2 ).
Presence/absence at baseline of diabetes, hypercholesterolaemia and hyperuricaemia were included in the models, but did not significantly associate with dependent variables in any analysis (absolute values of beta 0.020).
FIGURE 4: Mean 6 SE at baseline of U-osm, P-osm and U-osm/P-osm ratio by presence/absence of hypertension, hypercholesterolaemia, smoking, diabetes, obesity and hyperuricaemia (presence ¼ dark grey bar; absence ¼ light grey bar). P-values by non-adjusted ANOVA for comparison of the presence of a given disorder to its absence. Number of persons per group is shown in Table 1 or can be derived from data shown in Table 1 .
U-osm/P-osm ratio. For each one of these independent variables, four different models were analysed as follows: model 1 without control for any covariate (non-adjusted model) and models 2-4 with control for covariates as listed in Table 3 (multi-variable models). U-osm and U-osm/P-osm ratio inversely associated with mortality in all models (i.e. higher values associated with lower mortality and vice versa). Survival curves by tertile of Uosm/P-osm ratio showed that the association of baseline U-osm/ P-osm ratio with mortality was constant over time both with and without controlling for other variables ( Figure 5 ). Survival curves were similar for baseline U-osm (data not shown). P-osm associated with mortality in the non-adjusted model only. Findings were similar when the analyses were repeated with plasma sodium in the place of P-osm to get rid of the confounding of plasma urea and plasma glucose on P-osm (data not shown). Findings about the prognostic power for mortality were similar after excluding the examinees reporting treatment with antihypertensive drugs or diuretics, and in ancillary analyses of data from another exam with urine/blood samples collected at different times of the day (Supplementary data, Table S3 ). In multi-variable Cox regression with control for sex, age, eGFR and other variables, one SD higher baseline U-osm/P-osm ratio consistently associated with hazard ratio (HR) of mortality <1 in the following subgroups: men and women (HR ¼ 0.89 FIGURE 5: Survival curves by tertile of baseline U-osm/P-osm ratio. Cox regression for men and women combined in non-adjusted model (left panel) and in model adjusted for sex, baseline age, baseline eGFR and presence/absence at baseline of hypertension, hypercholesterolaemia, smoking, diabetes, obesity and hyperuricaemia (right panel). Tertiles 1, 2 and 3 were defined using the following thresholds of baseline U-osm/ P-osm ratio: <2.42, 2.42-2.85 and >2.85. Number of persons per tertile ¼ 1407, 1406 and 1407; number of death per tertile ¼ 446, 270 and 136, for tertiles 1, 2 and 3, respectively. Table 3 . Cox regression models for analyses about the associations of baseline values of U-osm, P-osm and U-osm/P-osm ratio (independent variables) with mortality
Model
Covariates in the model Independent variable U-osm P-osm U-osm/P-osm ratio HR (95% CI) P HR (95% CI) P HR (95% CI) P Results are shown as mortality HR for one SD higher independent variable and 95% CI in four different models: model 1 without control (non-adjusted) and models 2-4 with control for listed covariates. Baseline SD of U-osm, P-osm and U-osm/P-osm ratio are shown in Table 1 . Prognostic power for the change of kidney function over time Table 4 summarizes the results of linear regression analyses of the association with annualized eGFR change of three different independent variables: baseline U-osm, baseline P-osm and baseline U-osm/P-osm ratio. For each one of these independent variables, four different models were analysed as follows: model 1 without control for any covariate (non-adjusted model) and models 2-4 with control for covariates as listed in Table 4 (multivariable models). In non-adjusted models, baseline values of Uosm and U-osm/P-osm ratio directly associated with annualized eGFR change (i.e. higher values associated with less negative eGFR change). These associations were not significant when controlling for sex, baseline age, baseline eGFR and other variables. Baseline differences in P-osm associated with annualized eGFR change only in model 2. Findings were similar when analyses were repeated with plasma sodium in the place of P-osm to eliminate the confounding effect of plasma urea and plasma glucose on P-osm (data not shown). Findings were similar also when excluding the examinees reporting treatment with antihypertensive drugs or diuretics (data not shown). Figure 6 shows the annualized eGFR change by tertile of baseline U-osm/P-osm ratio in non-adjusted ANOVA and in ANOVA with control for other variables. Findings were similar for baseline U-osm and in the analyses for the subgroups listed above (data not shown).
D I S C U S S I O N
Cross-sectional results of the study were that sex, age, obesity, kidney function, urine flow, hypertension and smoking independently associated with osmotic indices or KCA. Longitudinal results of the study were that KCA independently predicted mortality, but did not predict kidney function change over time.
Compared to previous papers, these results confirmed and extended the reports of cross-sectional associations of sex, age and kidney function with KCA [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Other results of the study were novel and could not be compared to the results of previous papers.
With regard to the interpretation of cross-sectional results, female sex and higher urine flow independently associated with lower U-osm, lower P-osm and lower U-osm/P-osm ratio. The association of female sex with lower KCA and lower P-osm could be explained by effects of female hormones on extracellular volume (expansion) and antidiuretic hormone secretion (reduction) [5, 6] , hence by a condition of relative hypotonic hypervolaemia. Higher urine flow reflected higher hydration level because it associated with lower P-osm after the completion of the urine collection. Thus, as for female sex, the association of higher urine flow with lower KCA was likely explained by a relative hypotonic hypervolaemia [38] . These interpretations were in accordance with the previous evidence of lower indices of antidiuretic hormone secretion in women and in persons with higher urine flow [39, 40] . Obesity independently associated with higher U-osm, higher P-osm and higher U-osm/P-osm ratio. An obesity-related excess in the intake or in the metabolic generation of osmolytes could be the underlying mechanism. An overload of osmolytes could theoretically up-regulate P-osm and, secondarily, KCA. Older age and lower eGFR independently associated with lower values of U-osm and U-osm/P-osm ratio, but with higher P-osm. Renal alterations at the tubulo-interstitial level have been reported in the elderly and in patients with low kidney function [12, 41, 42] . Such alterations could reduce the urine concentration activity of the distal nephron and could thus explain the association of older age and lower eGFR with low KCA. The possibility of a low secretion of antidiuretic hormone was unlikely given the report of normal-to-high indices of antidiuretic hormone secretion in older ages and in individuals with low kidney function [40] . The possibility of low renal sensitivity to antidiuretic hormone could not be Table 4 . Linear regression for analyses about the associations of baseline values of U-osm, P-osm and U-osm/P-osm ratio (independent variables) with annualized eGFR change from baseline exam to follow-up exam (dependent variable)
Model
Covariates in the model Independent variable U-osm P-osm U-osm/P-osm ratio beta P beta P beta P 
excluded. The association with higher P-osm likely reflected different mechanisms for older age and for lower eGFR. An ageing-related reduction in thirst could be the major determinant of the association between older age and higher P-osm, although it could not be excluded that a concomitant reduction in KCA and a relative renal water leak favoured the trend towards higher P-osm [12] . In contrast, high plasma urea should play a major role in the association of lower eGFR with higher P-osm given that urea concentration is a determinant of P-osm and increases when kidney function decreases. Hypertension and smoking independently associated with lower U-osm and lower U-osm/P-osm ratio but not with altered P-osm. As proposed for older age and lower eGFR, the presence of renal alterations at the tubulointerstitial level was a likely underlying mechanism also for hypertension and smoking because such alterations can be induced by hypertension [43] [44] [45] and smoking [46] . The natriuretic effects of anti-hypertensive drugs could play a role in treated hypertensives because sodium is a major urine osmolyte [32, 33] . The possibility of low KCA due to low secretion of antidiuretic hormone appeared unlikely because hypertension and smoking associated with higher indices of antidiuretic hormone secretion in previous reports [40, 47] . With regard to the interpretation of longitudinal results, U-osm and U-osm/P-osm ratio independently predicted the mortality risk in the Gubbio cohort. Previous reports showed that markers of kidney dysfunction such as eGFR and albuminuria independently predicted the mortality risk in the Gubbio cohort similar to other samples of the general population [37, 48] . Thus, given that KCA is regarded as an index of distal nephron functions, the present results suggested that a dysfunction of the distal nephron could be an additional predictor of the risk of mortality. The novelty of the finding and its observational characteristics limited the inference about underlying mechanisms, as for other renal indices predicting the risk of mortality [48] . Low KCA could be either a mere marker or a true determinant of mortality risk. Theoretically, low KCA could reflect a kidney damage at the tubulointerstitial level and/or at the non-glomerular vascular level, which can be adequately assessed neither by renal indices like eGFR or albuminuria nor by the presence and by the severity of other risk factors. Alternatively, low KCA could affect the homoeostasis of substances that are handled by the distal nephron and that play a role in the mortality risk. A further possible explanation could be that low KCA implied a compensatory increase in the secretion of antidiuretic hormone which, in turn, associated with unfavourable effects on mortality [49] . The lack of an independent association of P-osm with mortality did not support mechanisms involving a renal water leak and a secondary trend towards a relative hypertonic dehydration per se. Finally, the lack of an independent longitudinal association of KCA with eGFR change over time FIGURE 6: Mean 6 SE of annualized eGFR change from baseline to follow-up plotted over mean U-osm/P-osm ratio of tertiles of baseline urine/plasma osmolality ratio in non-adjusted ANOVA (left panel) and in ANOVA adjusted for sex, baseline age, baseline eGFR and presence/ absence at baseline of hypertension, hypercholesterolaemia, smoking, diabetes, obesity and hyperuricaemia (right panel). P-values for comparison among tertiles. Tertiles were defined using the same thresholds of baseline U-osm/P-osm ratio used in analyses of Figure 5 . Number of persons per tertile ¼ 783, 953 and 1059.
O s m o t i c i n d i c e s a n d k i d n e y c o n c e n t r a t i n g a c t i v i t y supported the view that the cross-sectional association between baseline eGFR and baseline KCA reflected an influence of lower eGFR on KCA rather than the opposite.
The practical implications of the results concerned the clinical evaluation of P-osm and kidney disease. The present results indicated that demographics, obesity and kidney function account for part of the variability in P-osm. If other studies will confirm the association between KCA and mortality, a KCA assessment should be included in the diagnostic work-up required for the definition of the prognosis of kidney disease.
The main limitations of this study were the observational design, the lack of data for 24-h urine, the measurement of antidiuretic hormone and various ethnic groups. The observational design limited the assessment of cause-effect relationships, which can hardly be investigated in humans for factors like gender and age. The study design also limited the possibility to define the temporal sequence leading to lower KCA and its relationships with eGFR reduction. The lack of 24-h urine was compensated for by the ancillary analyses, which showed similar results using data from another exam with urine collections at different times of the day. The lack of data for antidiuretic hormone could affect the interpretation of results but not their significance. The lack of information for various ethnic groups reflected the structure of the population sample under study.
Briefly, this observational population-based study reported on KCA indices and P-osm. KCA and P-osm were concurrently lower in females and in individuals with higher urine flow, whereas they were concurrently higher in obese examinees. Thus, the associations with KCA of sex, urine flow and obesity appeared as KCA adaptations secondary to differences in Posm, that is, to differences in the hydration level or in the osmolyte load. Vice versa, the associations with KCA of older age, lower kidney function, hypertension and smoking appeared independent of P-osm and reasonably reflected intrinsic renal alterations due to or related to these traits. KCA independently predicted the mortality risk, suggesting that its assessment could be useful for the prognosis of kidney disease.
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